Introduction
Ceramic coatings are widely used to improve wear resistance of working surfaces of various mechanisms due to their high strength and structural stability (Toma et al, 2001, pp.149-158) . Al 2 O 3 ceramics is applied to many engineering components where good sliding properties and wear resistance to friction are required. Because being bioinert in living tissues, Al 2 O 3 ceramics is applied to the surface modification of biomedical coatings deposited on titanium alloys. Good mechanical characteristics of Al 2 O 3 ceramics allow it -since it is inorganic and bioinert -to be combined in different volume ratios with organic bioactive ceramics hydroxyapatite (HA) in the process of producing biomedical coatings. In this way, coating stiffness is reduced, tensile strength and fatigue resistance to friction are increased, which extends the life of the coating (Li et al, 2006 (Li et al, , pp.1166 (Li et al, -1172 , (Liou, 2009 ). Applying such modified coatings on the surfaces of titanium alloys significantly enhance the biological activity of implants and increase the resistance of titanium alloys to bio corrosion (Gadow et al, 2010 (Gadow et al, , pp.1157 (Gadow et al, -1164 . For the manufacture and modification of biomedical coatings, ceramics of Al 2 O 3 and ZrO 2 are most frequently used, alone or in combination, as well as hydroxyapatite (HA) (Hsiung et al, 2012, pp.457-463) .
In the plasma spray process, due to high speed of plasma particles and uneven distribution of temperature in plasma, plasma current changes significantly affect total or partial melting of Al 2 O 3 powder particles, which is reflected in the structure and mechanical properties of the coating (Friis et al, 2001, pp.115-127) , (Matejicek & Sampath, 2001 , pp.1993 -1999 . Previous studies have shown that the properties of the coating are directly related to the parameters that influence the degree of melting of particles and the mechanism of deformation of molten drops in collision with the substrate (Li & Ohmori, 2002, pp.365-374) , (Mrdak, 2016a, pp.1-25) , (Mrdak, 2016b, pp.411-430) . The coating quality is primarily defined by its microstructure (type of phases and homogeneity) and its mechanical properties that are critical for reliable behavior of the coating in exploitation (Tucker, 2002, pp.45-53) , (Liao et al, 2000, pp.235-242) , (Toma et al, 2001, pp.149-158) . The share and the phase α-Al 2 O 3 /γ-Al 2 O 3 ratio depends on the amount of heat which drops of molten particles carry with them and which is directly dependent on the size of melting particles, cooling rate and substrate temperature (Kulkarni et al, 2004, pp.124-137) , (Yang et al, 2006 (Yang et al, , pp.1649 (Yang et al, -1653 . The γ-Al 2 O 3 phase in the coating is desirable for increasing toughness and cohesive coating / adhesion strength. Resistance to sliding contact fatigue of the Al 2 O 3 coating depends on the phase composition, content and pore size, and presence of unmelted particles and cracks.
The paper presents an analysis of the results of tests of the mechanical properties and the microstructure of Al 2 O 3 coatings deposited with 700, 800 and 900A. Because of economic effects, Al 2 O 3 coatings were deposited on steel substrates. The aim was to use plasma in the manufacture of coating layers to be applied for the modification of biomedical coatings and the surface modification of alloys used to produce implants. The coating with the best properties is tested on the sealing ring of the water brake paired with the graphite ring. The investigation confirmed that the Al 2 O 3 coating, polished to a mirror on the sealing ring, substantially improved the efficiency of the sealing and significantly reduced the sealing ring friction abrasion, thus allowing the use of Al 2 O 3 coatings for implant surface modification. To test the mechanical properties and the structure of the layers, the powder is deposited on steel samples (X15Cr13 EN10027), the characteristics and dimensions of which are prescribed by the Pratt & Whitney standard (Pratt & Whitney, 2002) . To measure the microhardness and adhesion strength, the Pratt & Whitney standard was used, providing the measurement procedure relating to the number of samples and the number of measuring points (Pratt & Whitney, 2002) . The paper presents the minimum and maximum values of microhardness and average adhesion strength. The metallographic analysis of the coatings and the content of pores in the coatings was performed under a light microscope. The paper presents the average values of a share of pores. The analysis of the surface of the powder particles and the surface of the deposited coating is carried out by the SEM method.
Materials and experimental details
The Al 2 O 3 powder was deposited at atmospheric pressure with a SG-100 plasma gun and a power supply of 40kW. The Al 2 O 3 powder deposition parameters are shown in Table 1 . The deposited layers formed a coating thickness from 0.18 to 0.20 mm. Results and discussion Figure 2 illustrates the results of the microhardness of Al 2 O 3 coatings deposited with a change in plasma current amperage. The measured values of coating microhardness were directly related to the applied current amperage. The lowest microhardness value of 780 -1010HV 0.3 belongs to the coating deposited with 700A, and the maximum value of 990 -1180HV 0.3 characterizes the coating deposited with 900A. Nonuniform and different coating microhardness values are the result of uneven distribution of micro pores, different pore content and pore size in the coating layers. The plasma current amperage significantly influenced the melting of powder particles. Lower current intensity was not enough to melt injected particles throughout the complete cross section, which resulted in the deposited particles having a smaller intercon-tact surface and a higher intercontact content of micro pores. Due to poorer melting of particles and a larger share of pores, the coating had a range of microhardness of 230HV 0.3 . The coating deposited with 900A had a range of microhardness lower than 190HV 0.3 . High amperage affects a greater degree of ionization of the He monoatomic gas, which increases the plasma temperature and heat transfer from plasma to powder particles. Consequently, powder particles melt better and more evenly throughout the cross section. Liquid drops of molten particles are better bonded to one another achieving a greater bonding area and stronger cohesive strength with a smaller proportion of micro pores. Figure 3 shows the results of the adhesion strength of the substrate / Al 2 O 3 coating bond depending on the amperage. The Al 2 O 3 powder deposited with 700A achieved the lowest value of adhesion strength of 38MPa with the substrate. Due to uneven and incompletely melted powder particles in plasma with 700A, particles carry a small amount of heat. Therefore, incompletely melted particles transfer a smaller amount of heat to the substrate, which is why their bond to the substrate is weak. Heating the metal substrates from liquid drops of completely melted Al 2 O 3 particles deposited with 900A increases the adhesive bond strength to 47 MPa. At the fracture of the samples, it was established that the fracture mechanism was adhesion at the substrate / Al 2 O 3 coating interface. Figure 4 illustrates the cross section of the microstructure of the Al 2 O 3 coating deposited with 900A. The substrate / coating bond is very good because contamination from corundum, coarse pores and micro cracks are not visible at the interface. High amperage of plasma current allowed the drops of completely melted particles to overlap completely in collision with the substrate and form thin lamellae and inter lamellar pores of small size and small content in the coating. In the coating, there are micro pores of 5 -10μm with a mean share of 4.2%. The structure of the coating consists of phases of mixed crystals α-Al 2 O 3 + γ-Al 2 O 3 (Kulkarni et al, 2004, pp. 124-137) , (Yang et al, 2006 (Yang et al, , pp.1649 (Yang et al, -1653 .
Figures 5 and 6 illustrate the cross sections and the microstructures of the Al 2 O 3 coatings deposited with 800A and 700A. Due to low thermal conductivity of the oxide powder, lower plasma current amperage heats and melts powder particles to a lower extent. Such semi-melted particles are poorly and improperly deformed in collision with the substrate thus forming pores larger in size and share in the coatings. Coatings with a higher share of pores of irregular shapes and larger pores significantly reduce the cohesive strength of the coating and the coating time and resistance to fatigue friction. Because of their lower density and inhomogeneity, such coatings will wear faster and are unreliable in operation. In the structure of the coating deposited with 800A, there are small and rough micro pores of irregular shape marked with red arrows. Micro pores in the coating had a size of 10 -20μm with a total content of 6.4%. The microstructure of the worst coatings deposited with 700A is illustrated in Figure 6 . The highest content of micro pores of 8.6% and formed coarse pores over 20μm resulted in the coating having the lowest microhardness, the highest microhardness range and the lowest adhesion strength. Figure 7 illustrates the surface morphology of the Al 2 O 3 coating deposited with 900A and analyzed by the SEM method. On the surface of the Al 2 O 3 coating, overlapped particles can be seen, deformed in a characteristic way in collision with the substrate. Drops of molten Al 2 O 3 particles cooled to the substrate temperature and formed a disk-like shape. The morphology of a well-molten particle is marked with a red line in the Figure. Complete overlapping of particles is proof that the Al 2 O 3 particles are completely molten in plasma and as such allow deposition of layers of coating with thin disks -lamellae on whose edges (interfaces) fine micro pores and precipitates are present. Micro pores in the Figure are rounded in yellow, while precipitates are in red and green. Full overlapping of deposited particles, due to a large contact area, indicates a good bond between individual particles in a layer deposited in a single plasma gun shot. It also indicates good bonding between the layers in the coating as well as good adhesion of ceramic particles with the roughened substrate on whose surface liquid Al 2 O 3 ceramic drops stay during cooling to the substrate temperature. Such deposition of fully molten powder particles enables the production of coatings of good adhesion / cohesion strength and provides the coating with good sliding properties and wear resistance to friction.
Conclusion
On the basis of the results of examining the mechanical, structural and sliding properties of the Al 2 O 3 coatings deposited with 700A, 800A and 900A, it can be concluded:
The results of coatings microhardness were directly related to the applied current amperage. The current of 900A melted injected Al 2 O 3 particles in plasma over the complete cross section, which caused the deposited particles to have a large intercontact surface (good cohesive strength) and maximum microhardness. The transfer of heat from the liquid drops of completely molten Al 2 O 3 particles to the metal substrate enabled that the coating has the highest strength of bond adhesion -47 MPa.
Plasma current of 900A resulted in Al 2 O 3 powder particles melting completely and, in collision with the substrate, they completely overlapped and formed a coating of the best microstructure. In this way, thin lamellae and interlamellar pores of small size with a small share in the coating were formed in the layers. Micro pores had a size of 5 -10μm with a mean share of 4.2% in the coating. The structure of the coating consisted of the phases of mixed crystals of α-Al 2 O 3 + γ-Al 2 O 3 .
The coating deposited with 900A was tested on the sealing ring of the water brake paired with its counter pair made of graphite. Testing the sliding properties showed that the Al 2 O 3 coating brushed and polished to a mirror on the sealing ring has good properties of sliding fatigue since the ring sealing efficiency is significantly improved and the ring wear is reduced. Technology, 124(2-3) 
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